A single phosphorylation event at T-antigen residue Thr124 regulates initiation of simian virus 40 DNA replication. To explore this regulatory process, a series of peptides were synthesized, centered on Thr124. These peptides contain a nuclear localization signal (NLS) and a recognition site for cyclin/Cdk kinases. When unphosphorylated, the "CDK/NLS" peptides inhibit T-antigen assembly and bind non-sequence specifically to DNA. However, these activities are greatly reduced upon phosphorylation of Thr124. Similar results were obtained by using peptides derived from the CDK/NLS region of bovine papillomavirus E1. Related studies indicate that residues in the NLS bind to DNA, whereas those in the CDK motif regulate binding. These findings are discussed in terms of the control of T-antigen double hexamer assembly and initiation of viral replication.
Cell cycle-dependent phosphorylation events regulate the initiation of DNA synthesis in eukaryotes (18, 33, 50) . At the molecular level, however, relatively little is known about these processes. Therefore, model systems, such as that based on simian virus 40 (SV40), are being used to gain insights into phosphorylation-dependent regulation of DNA replication. Initiation of SV40 DNA replication depends upon the binding of the virally encoded T-antigen (T-ag) to the SV40 origin (reviewed in references 3, 17, 18, and 58) . Upon binding to the origin, T-ag monomers assemble sequentially into hexamers and then double hexamers (13, 15, 42, (66) (67) (68) . When assembled into a double hexamer, T-ag becomes a DNA helicase that is able to unwind the SV40 origin (4, 14, 25, 59, 62, 71) .
In the regulation of SV40 replication, phosphorylation of T-ag on Thr124 is the sole posttranslational modification required for initiation of replication (44, 57) . Formation of the first hexamer is independent of the phosphorylation status of Thr124; therefore, the phosphorylation of Thr124 is required at a point subsequent to initial hexamer formation (1, 45, 47, 55) . Consistent with these studies, on subfragments of the core origin that support double-hexamer formation (35, 61) , phosphorylation of Thr124 selectively promotes the formation of the second hexamer (1) . The region of T-ag flanking Thr124 contains additional residues that play regulatory roles during SV40 DNA replication. For instance, T-ag residues 126 to 132 contain the nuclear localization signal (NLS) used for nuclear translocation (reviewed in references 22 and 27) . Furthermore, the T-ag NLS is flanked by residues that serve as the recognition site for cyclin/Cdk kinases (16, 48) , an arrangement found in many other proteins (reviewed in references 26 and 28) To further explore the regulation of T-ag assembly and initiation of viral replication, a series of peptides derived from the CDK/NLS region of T-ag, centered on Thr124, were synthesized. Initial studies revealed that certain of these peptides bind to DNA in a phosphate-dependent manner and interfered with the formation of T-ag hexamers and double hexamers. To establish whether these observations were unique to T-agbased peptides, a set of peptides containing the CDK/NLS region of bovine papillomavirus (BPV) E1 were also synthesized. Experiments described in the present study demonstrate that peptides based on the BPV E1 CDK/NLS also bind to DNA and inhibit T-ag oligomerization events, in a phosphatedependent manner. Finally, to characterize more fully peptide binding to DNA and its regulation, we have conducted experiments with T-ag derived mutant peptides containing alanine substitutions at critical residues (e.g., Thr124). The results from these studies are presented here.
bovine serum albumin, 0.8 g of HaeIII-digested pBR322 (ϳ6 pmol; used as a nonspecific competitor), ϳ25 fmol of double-stranded oligonucleotide (ϳ10 6 cpm/pmol), 0.5 g of T-ag (ϳ6 pmol), and the indicated amounts of peptide. After a 20-min incubation at 37°C, glutaraldehyde was added (0.1% final concentration), and the reactions were further incubated for 5 min. The reactions were stopped by the addition of 5 l of 6ϫ loading dye II (15% Ficoll, 0.25% bromophenol blue, and 0.25% xylene cyanol) (56) to the samples. The reaction products were applied to 3.5 to 12% gradient polyacrylamide gels and electrophoresed in 0.5% Tris-borate-EDTA (pH 8.4) for ϳ1.5 h (10 W). Peptide-based band shift reactions were exactly as described above except that T-ag was omitted from the reactions and the final glutaraldehyde concentration was reduced to 0.05%. Moreover, the samples were loaded on 8% polyacryamide gels and electrophoresed in 0.5% Tris-borate-EDTA (pH 8.4) for ϳ3 h (ϳ200 V). The gels were dried on Whatman 3MM paper, subjected to autoradiography, and quantitated by using a Molecular Dynamics PhosphorImager.
Nitrocellulose filter-binding reactions. The ability of NLS-based peptides to bind to DNA was also assayed by using previously described filter-binding assays (2, 41, 43, 60) . The reaction mixtures (20 l) contained the same components described in the EMSA section above and the indicated peptides. After incubation for 20 min at 37°C and addition of glutaraldehyde to 0.1%, the mixtures were filtered under suction through alkali-treated nitrocellulose filters (Millipore type HAWP [pore size, 0.45 m]; stored in 100 mM Tris-HCl [pH 7.5]). The filters were then washed with 5 ml of 100 mM Tris-HCl (pH 7.5), dried, and counted in a Beckman LS 3801 scintillation counter.
RESULTS
Two sets of T-ag (T)-derived peptides, centered on Thr124, are presented in Fig. 1A (the 13-mer and 17-mer sets). In both FIG. 1. Studies conducted with the T-ag-based CDK/NLS peptides. (A) Peptides, centered on Thr124, derived from SV40 T-ag (T); the subscripts denote the size of the peptide. The peptide numbering system is based on the corresponding residues in full-length T-ag. Residues known to be part of the T-ag NLS are indicated in boldface; underlined amino acid residues define the recognition motif for the cyclin/Cdk kinase. Phosphorylated Thr residues are denoted by a lowercase "p". (B) T-ag band shift reactions conducted in the presence of the "13-mer set" of peptides and the 64-bp core oligonucleotide. The reactions in lane 1 were conducted in the absence of either T-ag or peptide (input DNA is not shown). The control reaction displayed in lane 2 was conducted in the presence of T-ag (6 pmol). The reactions in lanes 3 to 6 were conducted in the presence of T-ag (6 pmol) and 20 nmol of the indicated peptides. The positions of T-ag hexamers (H) and double hexamers (DH) are indicated. (C) Detection of peptide-DNA interactions by nitrocellulose filter-binding assays. Reactions were conducted under replication conditions, employing a 64-bp double-stranded oligonucleotide containing the SV40 core origin, in the presence of three different concentrations of peptide (0.5, 1, and 2 mM). The percentage of input DNA bound to a given filter was determined by scintillation counting. As a control, the percentage of input DNA bound to a nitrocellulose filter, in the absence of peptide, was also determined (control). (D) Peptide band shift reactions conducted with the 13-mer set of peptides. The reactions in panel D1 were conducted under replication conditions in the presence of the 64-bp double-stranded oligonucleotide containing the SV40 core origin (core). The position of the input DNA is indicated in lane 1. The reaction products formed in the presence of peptides T-1 13 , T-2 13 , T-3 13 , and T-4 13 are presented in lanes 2 to 5, respectively. The reactions in panel D2 were conducted in the presence of a 64-bp non-origin-containing oligonucleotide termed the enhancer control (29) . The mobility of the input DNA is shown in lane 1; the reaction products formed in the presence of peptides T-1 13 , T-2 13 , T-3 13 , and T-4 13 are presented in lanes 2 to 5, respectively. The positions of the peptide-DNA complexes are indicated in both figures.
sets, peptides T-1 and T-2 differ in that Thr124 is phosphorylated on peptide T-1 but not on peptide T-2. Peptides T-3 and T-4 served as controls; they were formed by switching the amino acids normally positioned on either side of Thr 124 on peptides T-1 and T-2. In Fig. 1A , residues derived from the SV40 NLS are shown in boldface; those forming the consensus cyclin/Cdk recognition site (48) are underlined. In view of these features, these molecules are collectively referred to as CDK/NLS peptides. A third set of peptides centered on Thr124 was also synthesized (the 9-mer set), although it is not presented in Fig. 1A .
Initially, we tested whether the 13-mer set of peptides ( Fig.  1A) would interfere with T-ag assembly on a 64-bp oligonucleotide containing the SV40 core origin (Fig. 1B) . In the absence of peptide, T-ag forms hexamers and double hexamers on this DNA substrate (lane 2). Inspection of lanes 3, 5, and 6 reveals that peptides T-1 13 , T-3 13 , and T-4 13 (20 nmol of each; final concentration of 1 mM) have little or no effect on T-ag assembly. However, in the presence of peptide T-2 13 (lane 4), hexamers and double hexamers were not detected. Identical experiments were conducted with the 9-mer and 17-mer sets of peptides. The 9-mer set of peptides did not inhibit T-ag assembly at any concentration tested (data not shown). Furthermore, as with the 13-mer set of peptides, there was no inhibition of T-ag assembly by peptides T-1 17 or T-3 17 when the concentration of peptide in the reactions was 1 mM. However, T-ag hexamers and double hexamers were not detected in the presence of peptide T-2 17 and to a lesser extent by peptide T-4 17 . When these experiments were repeated at 0.5 mM, peptide T-2 17 continued to inhibit hexamer and double-hexamer formation but peptide T-4 17 did not (data not shown).
One explanation for the failure to detect hexamers and double hexamers in the presence of the unphosphorylated peptides is that the peptides bind to DNA, thereby blocking subsequent T-ag assembly events. Alternatively, T-ag may assemble on the 64-bp core oligonucleotide but, owing to additional binding of the unphosphorylated peptides to the DNA, the complexes become trapped in the wells. While we have yet to distinguish between these hypotheses, both predict that the unphosphorylated CDK/NLS peptides bind to DNA.
To determine whether peptides derived from the CDK/NLS region of T-ag can bind to DNA. To test this theory, a series of filter-binding assays were conducted with the T-ag-based CDK/ NLS peptides. Results from these studies are presented in Fig.  1C . Inspection of this figure reveals that, over the range of peptide concentrations tested (0.5 to 2 mM), the 9-mer peptides bound at background levels to the 64-bp SV40 core origin containing oligonucleotide. In contrast, experiments conducted with the 13-mer set of peptides demonstrated that peptide T-2 13 is able to bind to DNA. Other peptides, such as peptide T-1 13 , did not bind to the oligonucleotide at significant levels. However, low levels of binding were observed with peptide T-4 13 at high concentrations of peptide (e.g., 2 mM). DNA binding was also detected with the 17-mer set of peptides. At 0.5 mM, significant binding was observed only with peptide T-2 17 . Given that peptide T-2 13 bound relatively poorly at 0.5 mM, whereas peptide T-2 17 bound significant levels of DNA at the same concentration, it is concluded that peptide T-2 17 has a higher affinity for DNA than peptide T-2 13 . Moreover, when present at either 1 or 2 mM, peptide T-2 17 bound nearly all of the substrate DNA; thus, these reactions were saturated. Furthermore, at concentrations in which peptide T-2 17 binding was saturated, peptide-DNA interactions could be detected with additional members of the 17-mer set of peptides (e.g., peptide T-1 17 and peptide T-4 17 ).
To further characterize the peptide-DNA interactions, a series of "peptide band shift" experiments (Materials and Methods) were conducted (Fig. 1D) . The initial set of reactions ( Fig.  1) was performed in the presence of the 64-bp oligonucleotide containing the SV40 core origin; the position of the DNA substrate, in the absence of the peptide, is indicated (lane 1). The reaction products formed when the 13-mer set of peptides were added to the reactions are indicated in lanes 2 to 5 (20 nmol of peptide; 1 mM final concentration). It is apparent that peptide T-2 13 is unique in that it alone binds to DNA (lane 3). To determine whether peptide binding depends upon a high degree of sequence specificity, the experiment in Fig. 1D .1 was repeated with a control oligonucleotide (the 64-bp enhancer control [29] ) ( Fig. 1D.2 ). Inspection of lane 3 demonstrates that peptide T-2 13 is also able to bind the 64-bp enhancer control. Therefore, the binding of peptide T-2 13 is not sequence specific (an observation confirmed by additional filterbinding assays [data not shown]). As with the reactions conducted in the presence of the core origin, the other members of the 13-mer set of peptides (lanes 2, 4, to 5) did not bind to the 64-bp enhancer control. It is noted that the lane containing peptide T-2 13 has a relatively large amount of material in the well. This finding suggests that, in addition to the complex labeled "Peptide/DNA," a larger aggregate formed upon peptide binding to DNA. The experiments presented in Fig. 1D were repeated with 20 nmol of the 17-mer set of peptides (1 mM final concentration), and nearly identical results were obtained. However, binding to DNA was not detected with the 9-mer set of peptides, even at a final concentration of 2 mM (data not shown). Collectively, the experiments in Fig. 1 demonstrate that peptides derived from the CDK/NLS region of T-ag preferentially bind to DNA when they lack a phosphate at Thr 124, they are at least 13 amino acids long and the residues on either side of Thr 124 have not been rearranged.
Testing whether a peptide containing the CDK/NLS motif from BPV E1 binds to DNA. In view of the experiments described in the previous section, it was of interest to establish whether non-T-ag-based CDK/NLS peptides can also bind to DNA. The BPV E1 NLS, extending between residues 84 to 108, has been extensively characterized (38) . It is a representative member of the bipartite NLS elements (28) , and Thr102 is a putative site for phosphorylation by a cyclin/Cdk kinase (38) . Moreover, BPV E1 protein also forms a double hexamer (20, 39) . Therefore, two 25-residue-long peptides containing this region were synthesized. Peptide E1-1 25 contains a phosphate at Thr102, whereas peptide E1-2 25 does not ( Fig. 2A) . Furthermore, as a control for peptide E1-2 25 , peptide E1-4 25 was synthesized by inverting the residues on either side of Gly96 ( Fig. 2A) .
As with the T-ag-based peptides, the E1-based peptides (5 nmol of peptide; final concentration of 0.25 mM) blocked T-ag assembly when unphosphorylated but not when phosphorylated (Fig. 2B, lanes 4 and 3, respectively) . Moreover, peptide E1-4 25 , the control peptide for E1-2 25 , did not block T-ag assembly (lane 5). In view of these observations and those VOL. 76, 2002 BINDING OF CDK/NLS PEPTIDES TO DNA 11787
on October 14, 2017 by guest http://jvi.asm.org/ made with the T-ag-based peptides (Fig. 1) , it was of interest to establish whether peptide E1-2 25 not only blocked T-ag assembly but also bound to DNA. Therefore, an additional series of filter-binding experiments were conducted (Fig. 2C) . Inspection of this figure demonstrates that of the three E1-based peptides that were synthesized, peptide E1-2 25 preferentially bound to DNA. Indeed, it bound at a relatively low concentration of peptide (0.25 mM); thus, it is a better DNA binder than the T-ag-derived peptide T-2 17 . That peptide E1-2 25 is a relatively strong DNA binder is also indicated by the observation that EMSA experiments can be performed with peptide E1-2 25 in the absence of cross-linking with glutaraldehyde (data not shown). In contrast, peptide E1-1 25 , the peptide containing a phosphate on Thr102, binds to DNA at levels similar to the control peptide E1-4 25 . Thus, peptides derived from the NLS regions of both E1 and T-ag bind to DNA in a manner that is regulated by phosphorylation and dependent on an intact CDK/NLS region. Further insights into the regulation and sequence requirements of the peptide-DNA interactions. Previous studies demonstrated that T-ag residue Thr124 is involved in the regulation of SV40 DNA replication (1, 44-47, 57), a conclusion supported by the finding that peptide-DNA interactions are regulated by phosphorylation of this residue. In view of these observations, we sought to determine whether Thr124 is essential for DNA binding and whether a Thr-to-Asp substitution could functionally simulate phosphorylation of Thr124. In addition, we wanted to establish whether flanking residues of interest, such as Pro125 or -126, are also required for DNA binding. Interest in these residues stems from the fact that Pro125 is part of the CDK/cyclin recognition site (48) , that both residues are required for viral DNA replication (31), and
FIG. 2. Studies conducted with CDK/NLS peptides derived from BPV E1. (A)
Peptides derived from BPV E1 in the vicinity of the putative CDK/NLS element. Peptide numbering is based on the system used to designate residues in BPV E1. Peptides E1-1 25 and E1-2 25 both contain the bipartite NLS found in BPV E1; they differ in that peptide E1-1 25 contains a phosphate ("p") on Thr102. The control peptide E1-4 25 was formed by swapping the residues normally found on either side of Gly96. Residues in boldface define the bipartite BPV E1 NLS, and underlined residues represent the putative recognition motif for the cyclin/Cdk kinase (38) . (B) T-ag band shift reactions conducted in the presence of the BPV E1 CDK/NLS set of peptides. The reactions in lane 1 were conducted in the absence of either T-ag or peptide (input DNA is not shown). The reaction in lane 2 was conducted in the presence of T-ag (6 pmol). The reactions in lanes 3 to 5 were conducted in the presence of T-ag and 5 nmol of the indicated peptides. (C) Determination of whether peptides derived from the CDK/NLS region of BPV E1 bind to DNA. Nitrocellulose filter-binding assays, conducted under replication conditions, were performed with the indicated peptides and the 64-bp SV40 core origincontaining oligonucleotide. In this series of experiments, two different concentrations of peptide (0.25 and 0.5 mM) were used. The percentage of input DNA bound to a given filter was determined by scintillation counting. As a control, the percentage of input DNA bound to a nitrocellulose filter in the absence of peptide was also determined.
that short proline-rich segments are binding targets of proteins containing WW domains (63) . Furthermore, it was of interest to determine whether a mutation in the NLS region, a Lys-toAla substitution at position 128, disrupted DNA binding.
To test whether particular residues are essential for DNA binding, derivatives of peptide T-2 13 were synthesized that contained, in most instances, alanine substitutions at the indicated locations (Fig. 3A) . The mutant peptides were termed T-T124A 13 , T-T124D 13, T-P125A 13 , T-P126A 13 , T-P125A/ P126A 13 , and T-K128A 13 (Fig. 3A) . The T-P125A/P126A 13 13 to explore peptide-DNA interactions and the regulation of this process. (A) The mutant set of peptides are presented on the left, whereas the sequences of the corresponding peptides are shown on the right. Mutant peptides were formed, in general, by substituting the indicated wild-type residues with alanines (shown in boldface). In the T-P125A/P126A 13 double mutant, two alanines replaced the prolines at positions 125 and 126. The T-T124D mutation was formed as a model for phosphorylation of Thr124. (B) Determination of whether the mutant set of peptides disrupted T-ag assembly on a 64-bp oligonucleotide containing the SV40 core origin. The reaction in lane 1 was conducted in the absence of protein (input DNA not shown), whereas the reaction in lane 2 was performed in the presence of T-ag (6 pmol). The locations of T-ag hexamers (H) and double hexamers (DH) are indicated. The reactions in lanes 3 to 10 were conducted in the presence of T-ag and 20 nmol of peptide T-1 13, T-2 13, T-T124A 13, T-T124D 13, T-P125A 13, T-P126A 13, the T-P125A/P126A 13 double mutant, and T-K128A, respectively. (The experiments described below in panel C suggest that materials in the wells in lanes 4, 5, 7, 8, and 9 are due to peptide-DNA complexes.) (C) Detection of interactions between the mutant set of peptides with DNA by nitrocellulose filter-binding assays (the average of three experiments). The reactions contained the 64-bp SV40 core origin oligonucleotide and 20 nmol of the indicated peptides. The percentage of input DNA bound to a given filter was determined by scintillation counting. (D) EMSAs performed with peptide T-T124A 13 . The products formed in reactions containing the SV40 core origin but lacking peptide are shown in lane 1. As additional controls, the products of reactions conducted in the presence of peptides T-4 13 on October 14, 2017 by guest http://jvi.asm.org/ double mutant was synthesized to eliminate the possibility that a single proline would suffice for DNA binding. In an initial series of reactions, we examined whether the mutant set of peptides had any effect on the formation of T-ag hexamers and double hexamers (Fig. 3B) . As controls, reactions were conducted in the absence of protein (lane 1) or in the presence of T-ag (6 pmol; lane 2). Additional controls were conducted in the presence of T-ag (6 pmol) and 20 nmol of either peptide T-1 13 (lane 3) or peptide T-2 13 (lane 4). As expected, peptide T-2 13 disrupted standard-hexamer and double-hexamer formation, whereas peptide T-1 13 did not. (The increased size of the double hexamers formed in the presence of peptide T-1 13 indicates that this peptide binds to T-ag [see also Fig. 1B]) . The reaction products formed in the presence of T-ag (6 pmol) and 20 nmol of the "mutant set" of peptides are shown in lanes 5 to 10. As with peptide T-2 13 , mutant peptides T-T124A 13 (lane 5), T-P125A 13 (lane 7), T-P126A 13 (lane 8), and T-P125A/ P126A 13 (lane 9) disrupted standard T-ag assembly events. In contrast, mutant peptides T-T124D 13 (lane 6) and T-K128A 13 (lane 10) had little or no effect on the assembly of T-ag oligomers on DNA.
FIG. 3. Use of mutant versions of T-ag-derived peptide T-2
Given the results shown in Fig. 3B , additional filter-binding assays were performed to determine which of the mutant set of peptides bind to DNA (Fig. 3C) . It is apparent from Fig. 3C , conducted with 20 nmol of the indicated peptides (1 mM final concentration), that peptides T-T124A 13 , T-P125A 13 , T-P126A 13 , and T-P125A/P126A 13 bind to DNA, as well as the peptide T-2 13 control. In contrast, peptides T-T124D 13 and T-K128A 13 bind to DNA at significantly lower levels, a result consistent with the data in Fig. 3B . To determine whether the mutant peptides that bind to DNA form similar peptide-DNA complexes, as does peptide T-2 13 , additional peptide-gel shift assays were performed. The results obtained with peptide T-T124A 13 are shown in Fig. 3D . The reactions in lanes 1 to 4 were conducted with the 64-bp SV40 core origin oligonucleotide. The reaction in lane 1 was performed in the absence of peptide, whereas the reactions displayed in lanes 2 and 3 were conducted in the presence of peptides T-4 13 and T-2 13 , which served as negative and positive controls, respectively. The reaction in lane 4 was conducted with 20 nmol of peptide T-T124A 13 ; it is apparent that, as with peptide T-2 13 , peptide T-T124A 13 binds to DNA and forms a similar peptide-DNA complex. The reactions in lanes 5 and 6 were conducted with the 64-bp enhancer control oligonucleotide. The reaction in lane 6 demonstrates that, as with peptide T-2 13 , the binding of peptide T-T124A 13 to DNA requires little or no sequence specificity.
In summary, the experimental results shown in Fig. 3 demonstrate that T-ag residues Thr124, Pro125, and Pro126 are not needed for DNA binding. In contrast, Lys128 is among the residues necessary for this interaction. Furthermore, like peptide T-1 13 (phosphorylated), peptide T-T124D failed to bind to DNA. Collectively, these observations indicate that the basic residues in the T-ag NLS are important for DNA binding, whereas the residues comprising the cyclin/Cdk element are involved in the regulation of this process. Residues with similar functions may govern the peptide E1-2 25 -DNA interactions.
DISCUSSION
The present studies demonstrate that peptides derived from the CDK/NLS regions of SV40 T-ag and BPV E1 bind to DNA when unphosphorylated. Other classes of peptides that bind to DNA or RNA were previously described. For instance, zinc finger (10, 34, 36, 40) , bZip basic region (see, for example, reference 65), ␣-helix-containing (9), and small acidic (8) peptides all bind to duplex DNA. Peptides that bind to the minor groove of DNA, some preferentially at A/T-rich and GC sequences, have also been described (11, 23, 24, 54, 64) . Moreover, peptides that bind to single-stranded DNA have been reported (see, for example, references 7 and 69). In addition, a peptide mimetic of the human immunodeficiency virus type 1 Tat NLS is known to bind to RNA (21) . Interest in these molecules reflects, in part, their potential use in gene therapy (37, 40) . Regarding the sequence specificity of peptide binding to duplex DNA, the ␣-helix and zinc finger peptides recognized 5 and 3 bp, respectively (9, 51) . Whether the CDK/NLS-based peptides have limited sequence specificity has yet to be determined. However, given that the CDK/NLS peptides are among the smallest DNA binders, this and related issues merit further investigation.
Upon phosphorylation of the T-ag-derived peptides on Thr124 or the BPV-E1-derived peptides on Thr102, the peptides bind to DNA at greatly reduced levels. Therefore, phosphorylation serves as part of a switch that downregulates DNA binding. The underlying mechanism(s) responsible for the phosphorylation-dependent switch is currently not understood. One possibility is that upon phosphorylation, the CDK/NLS peptides no longer bind to DNA owing to electrostatic repulsion. This conclusion is supported by the observation that an aspartic acid at position 124 substitutes for a phosphorylated threonine and by previous studies of the SV124E T-ag mutation (57) . A related possibility is that phosphorylation or the presence of a negative charge induces structural changes that disrupt DNA binding. This hypothesis is consistent with studies indicating that phosphorylation of Ser/Thr residues regulates the cis/trans isomerization rate of Ser/Thr-Pro bonds (reviewed in references 19 and 73). Indeed, peptide bond isomerization has been compared to a mechanical on-off switch (reviewed in reference 19) .
Regarding the function(s) of CDK/NLS motifs in full-length proteins, it has been reported that most NLS elements do not bind to DNA (12) . Nevertheless, certain viral proteins have NLS elements that bind to nucleic acids (reviewed in reference 32). Furthermore, nonviral proteins are also known to contain NLS motifs that bind to DNA. For example, the NLS in c-fos is used for DNA binding (5, 12) . Whether the CDK/NLS motifs in full-length T-ag and BPV-E1 are DNA-binding elements has yet to be determined. However, Prives et al. (53) previously speculated that T-ag residues 125 through 131 might be involved in DNA binding. This possibility is also consistent with the observation that T-ag residues 121 to 135, a region spanning the T-ag NLS, are required for untwisting the A/T-rich region in the SV40 core origin (6) . In addition, previous studies of mutant T-ag molecules have demonstrated that residues in the CDK/NLS motif are required for both nuclear entry and some aspect of viral replication. For instance, T-ag molecules containing the P125S mutation (52) , the P126S and P126L T-ag mutations (6, 31, 52) , the K127T or K127I mutations (30) , and the K129T and R130I mutations (31) enter the nucleus but fail to support SV40 replication. Thus, a number of studies, including the present one, are consistent with the hypothesis that the CDK/NLS region in T-ag (and perhaps other proteins) plays two important roles: namely, nuclear entry and an additional function in DNA replication that may include cell cycledependent binding to DNA.
Finally, it is of interest to consider how cell cycle-dependent binding of the T-ag CDK/NLS region to DNA might regulate viral replication. It was previously noted that phosphorylation of Thr124 is not required for assembly of the initial hexamer (1, 45, 47, 57) . In contrast, on origin subfragments containing single assembly units (61) , phosphorylation of Thr124 promotes the assembly of the second hexamer (1) . Furthermore, on the full-length core origin, "proper" interactions between hexamers are required for origin unwinding (70) . In view of the observations presented here, it is proposed that in the initial hexamer, region(s) of T-ag encompassing the CDK/NLS motif(s) bind to DNA and thereby block the proper assembly of the double hexamer. However, upon cell cycle-dependent phosphorylation of Thr124, residues comprising the CDK/NLS motif are released from DNA. As a result, the second hexamer is free to complete its assembly on the core origin. A related possibility is that binding of the CDK/NLS region to DNA may help to inhibit viral replication during non-S phases of the cell cycle. Subsequent studies will be required to test these models and to determine whether the assembly of other viral initiators is regulated in a similar manner.
